The aim of this work was to investigate the quantitative relationships between the rates of fungal soil exploration and their effects on plant growth and phosphorus (P) nutrition in soil with varying P availability. Ectomycorrhizal associations were established between Pinus pinaster and the basidiomycete Hebeloma cylindrosporum. Plants were grown for 4 and 6 months in mini-rhizoboxes filled with a 0.5 mm soil layer with two contrasting P levels ()P and +P soils), containing 3 or 50 mg of bicarbonate extractable P per kg of dry soil, respectively. Surface areas of the soil layers colonised by the roots and the hyphae were estimated using image analysis.
Introduction
Mycorrhizal plants often accumulate more phosphorus (P) than non-mycorrhizal plants [1, 2] . This positive effect of the symbiosis is thought to be mainly due to the growth of external hyphae into the soil, offering the mycorrhizal plant a larger soil volume to explore than non-mycorrhizal plants [3] [4] [5] [6] [7] . Data from Rousseau et al. [4] showed that the absorbing surface due to the hyphae of Pisolithus tinctorius or Cenococcum geophilum was estimated to represent 75% of the uptake potential of young pine root systems. In addition to this increase in soil exploration, fungal cells can also have access to insoluble P from forest soil. Insoluble P sources used by the ectomycorrhizal fungi can be organic forms, through the secretion of phosphatases [8, 9] , or mineral forms, through the release of protons and/or organic anions [10] [11] [12] . Finally, fungal cells can also be more efficient for soluble P (Pi) uptake than non-mycorrhizal plant roots. Measurements of Pi uptake rates [13] showed that the external hyphae of Paxillus involutus, Suillus bovinus and Telephora terrestris associated with Pinus sylvestris always modified the kinetic parameters of P uptake by decreasing the values of K M and increasing that of V max relative to those calculated in non-mycorrhizal plants. Similarly, Jones et al. [14] showed that phosphorus inflow rates of ectomycorrhizal eucalypt plants were 3.8 times higher as compared to those of non-mycorrhizal seedlings. Taken as a whole, these data indicate that external hyphae can play an important role in improving phosphorus nutrition of the host-plant.
However, other experimental data also indicate that Pi availability influences the growth of external hyphae. High Pi availability in the solution or in the soil often decreased the rates of mycorrhizal formation and the production of external hyphae [5, [15] [16] [17] [18] . Results obtained by Ekblad et al. [5] showed that the response to different nutrient conditions, such as P deficiency or P excess, is stronger for the development of external hyphae than for mycorrhizal colonisation. Therefore, considering the possible positive (increase of Pi uptake rates) and negative (decrease of soil exploration and mycorrhizal formation) effects of mineral phosphorus supply to the soil, it appears difficult to anticipate the actual effects of variable levels of P availability on the symbiosis efficiency. This is because quantitative relationships between the rates of fungal soil exploration and their effects on plant P nutrition in different conditions of soil Pi availability are still lacking.
In this study, we aimed at quantifying such relationships using Pinus pinaster plants grown in a Mediterranean fersial soil, characterised by a very low level of available P and a high level of insoluble mineral P [12] . We used the ectomycorrhizal basidiomycete Hebeloma cylindrosporum, the usual P. pinaster fungal partner, because this species is not able to release organic anions and is therefore not able to use soil insoluble mineral P. Plants, both mycorrhizal and non-mycorrhizal, were grown in mini-rhizoboxes containing a thin layer of soil supplemented or not with soluble P [12] . This experimental system enabled us to measure the areas of soil covered by the hyphae and the effects of mycorrhizal association on growth and P nutrition of the host-plant at two contrasting soil P levels (low and high, amounting to 3 and 50 mg of bicarbonate extractable P per kg of dry soil, respectively) [12] .
Materials and methods

Fungal and plant material
The fungal species used in this study, H. cylindrosporum Romagn. (D2) is a dikaryotic strain resulting from the plasmogamy of the two compatible homokaryotic strains h1 and h7 [19] . Fungal stock cultures were grown at 24°C in the dark, in Petri dishes containing an agar (14 and a PAR of approximately 300 lmol m À2 s À1 (400-700 nm). Two independent experiments were set up. Plants were allowed to grow for 4 and 6 months in the first and in the second experiment, respectively.
Preparation of mini-rhizoboxes
The mini-rhizoboxes, containing a thin soil layer, were prepared according to Casarin et al. [12] . Briefly, the soil used was collected from the A horizon of a Mediterranean fersial soil in southern France (Cazevieille, H erault), air-dried, crushed gently and sieved at 210 lm. Its main physical and chemical properties were a pH close to neutrality, a cation exchange capacity mainly saturated by calcium, high levels of iron and total P, but a very low level of easily available P [12] . The soil was used either without any treatment ()P soil) or after addition of soluble P (KH 2 PO 4 , +P soil). The +P soil was obtained by suspending 100 g of dried soil in one litre of 1.186 mM KH 2 PO 4 , pH 7.0, giving a final concentration of 350 mg of P kg À1 of dried soil. The soil suspension was stirred for 72 h and centrifuged. After rinsing, water amounting to 25% of wet soil mass was added to the centrifugation pellets placed in plastic bags. Soil without P was mixed with deionized water (1/1, w/w) in plastic bags. The different soils were sterilized twice by autoclaving them for 40 min at 114°C, with a one week interval. Levels of easily available P, estimated after sterilisation of )P and +P soil, were 3 and 50 mg of bicarbonate extractable P per kg of dry soil, respectively [12] . The soils were then kept sterile, at 4°C, before use.
Just before transferring one-month old maritime pine seedlings grown in tubes, the mini-rhizoboxes were prepared in sterile conditions, in a laminar flow cabinet. Mini-rhizoboxes were made from 2 glass plates (100 Â 200 Â 2 mm), previously surface-disinfected with a solution containing ethanol (70%, v/v) and sodium hypochlorite (5%), separated by a U-shaped PVC strip. A soil layer (500 lm thick) was spread on one side of a glass plate and air-dried before cutting the soil around the edges of the glass plate in order to insert the Ushaped PVC strip (3 mm thick, 1 cm wide). A piece of fiberglass filter paper (Whatmann, Ref. 1822.14), previously sterilized (120°C, 20 min, twice at 48 h intervals), was added in the lower part of the soil layer to function as a wick and to maintain the soil humidity. The plant root system was put on the surface of the soil layer before adding the second glass plate on the top of the roots. The root boxes were then closed with 4 drawing clips on the sides and a sticky tape on the top of the box to minimize water evaporation before removing them from the laminar flow cabinet. Mini-rhizoboxes were placed in a PVC box previously cleaned with the ethanol-sodium hypochlorite solution and filled with a simplified nutrient solution (50 ml per plant), previously autoclaved (120°C, 20 min). This nutrient solution contained 1 mM KNO 3 , 1 mM MgSO 4 Á 7H 2 O, 100 lg l À1 thiamine-HCl, 10 mg l À1 ferric citrate, 0.2 ml l À1 of Morizet and Mingeau micronutrients solution [20] , at pH 6.0. PVC boxes were then placed in the growth chamber and plants were allowed to grow for another 6 months. During the growth period, the nutrient solution was renewed once a week, in non-sterile conditions, in the growth chamber.
Harvest and measurements
The development of the hyphae on the soil was recorded by tracing the corresponding surface on a transparent sheet placed over the glass plate. This was done at the end of the first experiment, and after 4, 5 and 6 months during the second experiment. The drawings were then photocopied and coloured before being processed by image analysis. At the end of each experiment (4 or 6 months), plants were harvested. At the time of harvest, each root box was opened and a picture was taken. The plant was gently removed from the soil. After rinsing in deionised water, the roots were quickly dried between filter paper sheets and the plants were separated into shoots and roots. Each root system was then placed on a paper sheet with small pieces of sticky tape and photocopied. Shoots and roots were then freeze-dried, weighed and milled before analysis.
The contents of total phosphorus in roots or shoots were measured by acid digestion of tissues (ca. 10 mg) with 60% HClO 4 , carried out at 220°C for about 10 min. After dilution of the HClO 4 with ultrapure water (1/4, vol/vol), the phosphate concentration was determined by colorimetry of the phosphomolybdate complex, after reduction according to the Taussky and Shorr method [22] .
Image analysis
Image analysis of drawings and copies was carried out using Adobe Photoshop 6.0 (Adobe Systems Inc, San Jose, CA, US) in order to quantify the soil surface covered by the fungus or the roots. For fungal growth monitoring, the age of each fungal zone was identified by filling it with contrasting colours before scanning the resulting picture. Each zone of a given colour was then activated in Photoshop and filled with black, while the background was filled with white. The percentage of black pixels over the white ones was given by the histogram function in Photoshop. The percentage obtained with Photoshop was calibrated by weighing known black areas over white ones. In addition, each image was compared with the corresponding photo to ensure that the fungal zones corresponded in sizes. The same method was applied to analyze the photocopies of the roots, to estimate the soil surface covered by the roots.
Statistics
All results given are means and standard deviations. The number of replicates used to calculate the mean ranged from 5 to 10. When indicated, data were analyzed by the one-way ANOVA procedure and significant differences between treatments were determined by Scheffe's F test using Statview Ò software (Abacus Concepts, USA) at p ¼ 0:05.
Results
Plant and fungal growth
As shown in Fig. 1 , amounts of biomass measured in non-mycorrhizal plants in both experiments (after 4 or 6 months of culture) were equivalent in both soil treatments. Although not significantly different, root biomass of non-mycorrhizal plants was higher in )P than in +P soil. In the first experiment (4 months of culture), the presence of H. cylindrosporum decreased the plant biomass by about 30% in both soil treatments, excepted in shoots of plants grown in )P soil. However, after 6 months of culture, the effects of mycorrhizal association were very different. Relative to non-mycorrhizal plants, shoot growth in mycorrhizal plants tended to be increased in the )P soil and was significantly increased (+ 23%) in the +P soil, whereas root growth was the same as in non-mycorrhizal plants in both soil treatments.
In both experiments, P fertilisation decreased the soil exploration by the roots of non-mycorrhizal plants by about 30% (Fig. 2) . Culture duration did not modify the values of root soil surface of these plants, grown in )P or +P soils (Fig. 2) . In mycorrhizal plants, values of root soil surface were always lower than that estimated in non-mycorrhizal plants, except in 6-month plants grown in +P soil. In addition, these values were either not affected by P fertilisation or increased by P fertilisation (+25%; 6 months, +P soil) (Fig. 2) . After 4 months of culture, fungal soil surface was strongly decreased by P fertilisation ()37%) and was always lower than the root surface, especially in +P soil. On the other hand, the fungal soil surface increased with culture time and, after 6 months, represented a surface twice as high ()P soil) or the same (+P soil) as the surface covered by the root of the same plants (Fig. 2) . Non-destructive measurements of fungal soil surface during the second experiment also showed that P fertilisation significantly decreased fungal soil exploration (Table 1 ). In addition, values of fungal soil surface estimated after 4 months were similar in both experiments (Table 1 and Fig. 2) , suggesting that the plants exhibited the same features in both experiments. We calculated the rates of fungal soil colonisation over the 4-6 months period and obtained rates of 0.92 AE 0.19 and 0.42 AE 0.1 cm 2 day À1 plant À1 in )P and +P soil, respectively. These data confirmed that H. cylindrosporum external hyphae developed faster during low soil P availability than during high soil P availability.
Accumulation of total P in the whole plant
In non-mycorrhizal plants, the accumulation of total P did not vary with culture time and was equivalent for both soil treatments (Fig. 3) . After 4 months of culture, mycorrhizal plants had P amounts lowered by 34% ()P soil) and 31% (+P soil) relative to those measured in non-mycorrhizal plants. Contrary to non-mycorrhizal plants, P quantities measured in mycorrhizal plants increased with culture time. After 6 months, mycorrhizal plants presented either the same ()P soil) or 50% higher (+P soil) amounts of total P compared to non-mycorrhizal plants (Fig. 3) . Plants were grown for 6 months in rhizoboxes, containing a 0.5 mm soil layer of soil with 3 ()P soil) or 50 (+P soil) mg of bicarbonate extractable P kg À1 of dry soil. Soil surface was recorded by tracing the corresponding surface on a transparent sheet placed over the glass plate of the rhizobox.
$ In each column, means (n ¼ 
Root and shoot allocation of total P
Calculation of ratios between total P amounts in shoots and roots showed that, after 4 months of culture in )P soil, non-mycorrhizal plants accumulated roughly half the amount of P in their shoots compared to mycorrhizal plants (Fig. 4) . P fertilisation increased the percentage of P allocated to the shoots of non-mycorrhizal plants, whereas it did not modify P allocation to shoots in mycorrhizal plants, presenting a ratio close to 1 in both soil treatments. After 6 months of culture, ratios increased significantly in non-mycorrhizal plants up to 1 and 1.5 in )P and +P soil, respectively. On the contrary, increases in the ratio observed in mycorrhizal plants between 4 and 6 months were not significantly, indicating that the shoot P allocation was not modified by the culture time. Finally, after 6 months of culture, only non-mycorrhizal plants grown in )P soil allocated less P to their shoots than mycorrhizal plants.
The higher shoot P allocation in mycorrhizal plants was confirmed by the measurements of P concentrations in needles, young or old, and stems of 6-month old plants, whether mycorrhizal or not. As shown in Table  2 , young needles of mycorrhizal plants always presented higher P concentrations than those measured in nonmycorrhizal plants, regardless the level of soil P availability. However, soil P fertilisation significantly increased P concentrations in young needles of both types of plants. In old needles, the effect of P availability was observed only in mycorrhizal plants. In stems, P concentrations were generally the lowest ones and the effect of P and of mycorrhizal status was less marked (Table 2) .
Efficiency of P uptake and assessment of the fungal role
Since P availability in soil significantly modified root biomass, we plotted total P accumulation against the root biomass. The figures obtained (Fig. 5) showed that amounts of total P measured in non-mycorrhizal plants linearly increased with root biomass, in both soil P conditions. Data from 4-month old mycorrhizal plants globally fitted to the same relationship as that obtained for non-mycorrhizal plants. However, this was not observed when adding data from 6-month old mycorrhizal plants, suggesting that the roots may not be solely responsible for P uptake and that the mycelium should be accounted for (Fig. 5) .
We evaluated the role of the fungus in plant P uptake by considering two possible routes in mycorrhizal plants. The first one relies on additive plant and fungal P uptake and the second one mostly relies on fungal P uptake, the root contribution becoming negligible. In the first case, it is possible to calculate the theoretical quantity of P due to the activity of roots in mycorrhizal plants, using the equation of the linear relationship given in Fig. 5 . The differences between the actual and theoretical quantities therefore represent the supplementary amounts of P due to fungal uptake. As shown in Fig. 6 , calculated positive values (found only in 6-month old plants) increased linearly with the soil surface covered by the hyphae, with a probability of 0.02 and 0.06 in )P and +P soil, respectively. The slope would ) Culture conditions are as in Table 1 . $ and $$ significances are as in Table 1 .
represent the net transfer of P from the mycelium to the plant, with values of 0.30 and 0.43 lmol of P per cm 2 of mycelium in )P and +P soil, respectively. It was also possible to calculate the fungal soil surfaces corresponding to a nil net transfer of P, being 16.4 and 6.5 cm 2 of fungal area plant À1 in the )P soil and in the +P soil, respectively.
In the second case, involving a minor contribution of roots to mycorrhizal plant P uptake, the total P amounts accumulated in mycorrhizal plants should be related to the corresponding fungal soil surface. As shown in Fig. 7 , regardless the soil P availability, amounts of P measured in mycorrhizal plants linearly increased (p < 0:01) with the fungal soil surface measured at the time of harvest. The slope still would represent the net transfer of P from the mycelium to the plant, with values of 0.36 and 0.66 lmol of P per cm 2 of mycelium in )P and +P soil, respectively. In this case, the values of the yintercept, representing the amounts of total P initially in the plant, are in agreement with those measured in the seed (8.5 lmol of P seed À1 ) (Fig. 7) .
Discussion
Although the employed experimental system is artificial and does not represent the common habit of P. pinaster, it enabled us to easily quantify the effects of soil soluble P availability on fungal and plant growth as well as on phosphorus nutrition of the host plant. This experimental system also enabled us to estimate the soil surface covered by the roots and the external hyphae associated with the roots. It should also be underlined that the layers remained without contamination by saprophytic fungi, regardless the soil and the plant treatment. In mycorrhizal plants, the white hyphae H. cylindrosporum were easy to see on the dark soil, making it possible to carry out image analysis of their development. Although we cannot be sure that image analysis enabled us to catch all the hyphae, stereo-microscope observations of soil layers showed that the hyphae were always growing altogether. These observations suggested that we were able to track most of the hyphae growing on the soil surface and that it is possible to compare root and fungal areas. It would also have been suitable to evaluate the total fungal biomass using an assay for chitin [23] . Unfortunately, preliminary studies showed us that the fersialsol we used strongly interfered with the colorimetric assay, preventing us to use this method to estimate the fungal biomass. Measurements of soil ergosterol contents, reflecting only living fungal cells, would not have been useful because it is necessary to estimate all the fungal biomass involved in soil exploration in order to search for any possible relationship between fungal soil exploration and P transfer to the host-plant.
The larger soil exploration by the root system of 4-month old non-mycorrhizal plants grown in )P soil (Fig. 2) is probably responsible for the equivalent P uptake and accumulation in plants grown in soils with contrasting P availability (3 and 50 mg of bicarbonate extractable P kg À1 of dry soil in )P and +P soil, respectively). However, we observed that P allocation to the roots was more important in plants grown in )P soil, a pattern consistent with data reported in P-deficient plants [15, 24, 25] . This could result from a restricted supply of Pi from the roots to the shoots via the xylem [25, 26] . The comparison of amounts of biomass and total P accumulated in non-mycorrhizal plants after 4 and 6 months of culture showed that they did not increase with culture time, suggesting that root growth was stopped. However, the pattern of P allocation changed, with an increase of P supply to the shoots, especially at the high level of available P. This could relate to the absence of root growth.
The negative effect of P availability on the growth of H. cylindrosporum ()40% in +P soil, Fig. 2 ) is of the same order of magnitude as that reported for other ectomycorrhizal associations grown either in the laboratory [16] or in the field [27] . Decreases of length of hyphae from ectomycorrhizal fungi ranged from 30% 6 . Effect of soil P availability on the relationship between the supplementary amounts of P due to mycorrhizal symbiosis in H. cylindrosporum mycorrhizal P. pinaster plants and the fungal soil surface covered by H. cylindrosporum hyphae. Plants were grown for 6 months in rhizoboxes, containing a 0.5 mm soil layer with a low ()P soil) or a high (+P soil) mineral P availability as described in Fig. 1 . Supplementary amounts of P were obtained by subtracting theoretical amounts of P from actual amounts of P measured in mycorrhizal plants. Theoretical amounts of P were calculated using root biomass of mycorrhizal plants in the equations given in Fig. 5 . for T. terrestris to 62% for Laccaria proxima after culturing Salix cuttings in soils containing 4 and 60 mg of bicarbonate extractable P kg À1 of dry soil [16] . More globally, Pampolina et al. [27] reported a diminution of the total length of hyphae isolated from soil cores sampled in eucalypt forest of 29% and 44% after P supply to the soil at a rate of 100 and 1000 kg of P ha À1 , respectively. However, as underlined by Pampolina et al. [27] , the mechanisms explaining the effect of P fertilisation on fungal growth still remain unclear.
Former studies dealing with the effect of mycorrhizal symbiosis on root growth reported negative [28] [29] [30] , positive [30] or no effects [31] . Although the factors responsible for the fungal effects on root growth and development remain largely unknown, a competition for the carbon compounds between the roots and the fungal cells gained by the fungus [32] could explain the decrease in root growth we observed in 4-month old mycorrhizal plants (Fig. 1) . In addition, the stronger depressive effect of H. cylindrosporum in +P soil could be due to a higher synthesis of polyphosphates in order to accumulate and to immobilize Pi in the fungal cells. It is well known that polyphosphate synthesis is a high energy-demanding reaction [33] and could act as a supplementary carbon drain towards the fungus, thus decreasing carbon availability for the roots and their growth. Despite the negative effect of H. cylindrosporum on root growth of mycorrhizal plants, it is noteworthy that the fungus also markedly suppressed the plant growth response to Pi deficiency observed in non-mycorrhizal plants. Similar observations were reported in cedar plants (Cedrus atlantica) associated with Tricholoma tridentinum [18] or in P. sylvestris associated with P. involutus [5] , suggesting a tight dependency between ectomycorrhizae and Pi uptake by the mycorrhizal plant [5] .
Finally, mycorrhizal plants notably exhibited a different pattern of response to Pi-deficiency compared to non-mycorrhizal plants. This can be due to a different route of P acquisition used by the ectomycorrhizal roots, that could rely on either root and fungal P uptake or solely on fungal P uptake. The first route, illustrated by Figs. 5 and 6, indicates that no net plant P uptake derived from the fungal cells during the 0-4 months culture period, contrary to the following 4-6 months culture period. During this second period, the possible contribution of fungal soil exploration to plant P accumulation could be calculated for both P availability conditions (Fig. 6 ). It should be underlined, however, that using the equations given in Fig. 6 , the average fungal soil surfaces measured at the end of the 0-4 months culture period were 1.8 and 2.9 larger than the surfaces determined for a nil net P transfer in the )P and +P soil, respectively. This means that a P uptake route involving plant and fungal P uptake should have produced a significant effect of mycorrhizal symbiosis on P accumulation in the mycorrhizal plants. These calculations, in absence of a plant response to Pi deficiency by the ectomycorrhizal plants, thus strongly militate in favour of a fungal P route. In this case, plant P uptake of mycorrhizal plants would mainly depend on the soil area explored by the hyphae, as plotted in Fig. 7 . In addition to the good experimental relationships shown in Fig. 7 , such an hypothesis is strengthened by recent data obtained in endomycorrhizal plants, indicating that the expression of plant Pi transporter genes, usually expressed in non-mycorrhizal roots, is strongly repressed in mycorrhizal root systems [34] [35] [36] . This repression of Pi transporter expression could result in a very low (or even nil) synthesis of plant Pi transporters, giving in turn to the roots belonging to mycorrhizal plants a very low Pi uptake capacity. In addition, 33 P-labelling experiments carried out in endomycorrhizal plants demonstrated that mycorrhizal fungi were able to dominate the P supply to the plants, even in absence of plant growth response [37] . Hence, considering the data obtained in endomycorrhizal plants and our data, we propose that Pi accumulation by P. pinaster plants associated with H. cylindrosporum mostly derives from P uptake occurring into the hyphae exploring the soil.
Whatever the P route occurring in mycorrhizal plants, our results showed that the mycorrhizal symbiosis was able to increase the net amount of P accumulated in the host plant at both P availability levels used, the low P level being typical of natural conditions. This increase was highly correlated with the soil surface covered by the hyphae, demonstrating the role of the fungus in taking up P that is not available to the roots. Despite the inhibitory effect of the high availability of soil P on fungal soil colonisation, the ectomycorrhizal symbiosis was even more efficient to improve the P nutrition of the host plant, as the net rates of P transfer to the plant were higher in +P soil than in )P soil. However, the molecular mechanisms responsible for the regulation of uptake and transfer of P from fungal to root cells still needed to be elucidated.
